1. Introduction {#sec1}
===============

Biliary anastomotic strictures (BAS) are one of the most common complications following liver transplantation. Frequent treatment for BAS deteriorates the patient\'s quality of life. Furthermore, prolonged biliary congestion can lead to secondary liver failure and the need for retransplantation. BAS incidence has been reported to be from 5% to 15% in deceased donor liver transplantations \[[@bib1]\] and from 4% to 25% in living donor liver transplantations \[[@bib2],[@bib3]\]. To reduce these complications, surgical techniques have been developed, such as preservation of vascularization around the bile duct by minimal hilar dissection \[[@bib4],[@bib5]\] or biliary reconstruction \[[@bib6]\] in addition to optimal graft selection, progress in preservation, and standardization of surgical procedures. However, BAS still occur to some extent. New strategies for efficiently enhancing the healing process of the anastomotic site are anticipated to achieve optimal outcomes.

Recently, regenerative therapy using mesenchymal stem cells (MSCs), such as bone marrow stem cells (BMSCs) or adipose-derived stem cells (ADSCs), have been widely studied for their potential to accelerate wound healing \[[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. Stimulation of angiogenesis, secretion of growth factors, differentiation, immunomodulatory effects, and anti-inflammatory activities are essential functions of MSCs \[[@bib14],[@bib15]\]. Although BMSCs and ADSCs show a similar ability to differentiate and regenerate \[[@bib16]\], ADSCs are easier to use in clinical settings because harvest and extraction of ADSCs are easier and safer compared with BMSCs \[[@bib7]\].

Although several studies have reported a local administration technique for ADSC transplantation \[[@bib12],[@bib13],[@bib17]\], whether injected cells remain around the intended area is unknown. In addition, direct injection into thin tissue such as the bile duct wall is not technically feasible. In this regard, cell sheet transplantation is a reasonable approach to overcome this issue \[[@bib18],[@bib19]\]. Previous reports have indicated the effectiveness of cell sheet transplantation in cornea recreation \[[@bib8]\], prevention of esophageal stenosis after endoscopic submucosal dissection \[[@bib9]\], treatment of myocardial infarction \[[@bib20]\], prevention of pancreatic fistula \[[@bib10]\], and treatment of intestinal anastomosis \[[@bib11]\]. However, there are no reports on the effects of cell sheet transplantation on healing of the biliary anastomotic site.

The aim of the present study was to assess the effect of ADSC sheet transplantation on end-to-end biliary anastomosis in a pig model.

2. Methods {#sec2}
==========

2.1. Animals {#sec2.1}
------------

Eleven female pigs (20--25 kg) were obtained from Miyashita pig farm (Nagasaki, Japan) and used in the present study. All animals were treated with experimental procedures approved by the Biomedical Research Center and Committee of Nagasaki University (approval number 1602031279-2). The experiments were performed in accordance with institutional and national guidelines.

All pigs received an acclimation period of 3 days prior to any procedures, and no premedication was administered during this time. Animals were anesthetized after an overnight fast based on their body weight using 0.2 mg/kg midazoram and 0.1 mg/kg medetomidine hydrochloride. An endotracheal tube was inserted, and general anesthesia was maintained during procedures with sevoflurane and oxygen. Benzylpenicillin (2 × 10^5^ U) was injected intravenously 30 min before laparotomy as an antimicrobial prophylaxis.

2.2. Isolation of ADSCs {#sec2.2}
-----------------------

Two weeks prior to laparotomy for biliary anastomosis, ADSCs were isolated from the lower abdominal subcutaneous adipose tissue of pigs as reported elsewhere \[[@bib11],[@bib21]\]. Briefly, 20 g of minced subcutaneous adipose tissue were enzymatically digested with 0.1% collagenase (Collagenase NB 4G Proved Grade, SERVA Electrophoresis, Heidelberg, Germany) under shaking at 37 °C for 1 h. The stromal-vascular fraction was collected after centrifugation at 400× g for 5 min at room temperature. After filtration through a 40-mm strainer (BD Biosciences, Franklin Lakes, NJ, USA) and centrifugation at 1500× g for 5 min, the cells were cultured in complete medium (low-glucose Dulbecco\'s modified Eagle\'s medium, Wako Pure chemical industries, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific) in a humidified atmosphere with 5% CO~2~ at 37 °C. ADSCs were passaged every 5 days by seeding onto 100-mm culture dishes at a density of 1.1 × 10^6^ cells/dish until the third passage.

2.3. Flow cytometry {#sec2.3}
-------------------

Isolated ADSCs from the third passage were suspended in 100 μL of PBS containing 10% FBS and examined for surface marker expression by flow cytometry. To detect the markers, a phycoerythrin-coupled antibody against CD44 (BioLegend, San Diego, CA, USA), fluorescein isothiocyanate-coupled antibody against CD90 (Sigma--Aldrich, St. Louis, MO, USA), allophycocyanin (APC)-coupled antibody against CD31 (Sigma--Aldrich), and APC-coupled antibody against CD45 (Sigma--Aldrich) were used. Fluorescence was measured using a flow cytometer (CytoFLEX, Beckman Coulter, Brea, CA, USA).

2.4. Preparation of ADSC sheets {#sec2.4}
-------------------------------

ADSCs from the third passage were seeded on temperature-responsive culture dishes (UpCell, CellSeed, Tokyo, Japan) at a density of 2.6 × 10^6^ cells/35-mm dish and cultured in complete medium under a humidified atmosphere with 5% CO~2~ at 37 °C. After 4 days of culture, the ADSC sheets were harvested from the dishes by lowering the temperature to 20 °C for 30 min.

2.5. PKH26GL staining {#sec2.5}
---------------------

ADSCs from the third passage were stained using a PKH26GL Red Fluorescent Cell Linker Kit (Sigma--Aldrich). Isolated cells (2 × 10^6^) were stained with 4 × 10^−3^ mol PKH26GL dye, in accordance with the manufacturer\'s protocol. Stained cells were seeded on temperature-responsive culture dishes, and then harvested as ADSC sheets after 4 days.

2.6. Surgical procedure {#sec2.6}
-----------------------

Pigs were divided into two groups: duct-to-duct biliary anastomosis with an ADSC sheet (n = 6) or without an ADSC sheet (n = 5). In both groups, an open laparotomy with a midline incision was performed under general anesthesia. The liver hilum was gently exposed. Then, the common bile duct (CBD) proximal to the cystic duct junction was circumferentially isolated from the surrounding fatty tissue. The CBD was then completely divided by scissors. Biliary anastomosis was performed subsequently with a 6-0 absorbable monofilament suture. The back wall was anastomosed by a continuous suture, and the front wall was anastomosed by an interrupted suture. After completion of anastomosis, an ADSC sheet was transplanted on the anastomotic site in the ADSC group. The ADSC sheet was scooped from the culture dishes using a sterilized mesh and transported to the operative field. The sheet was attached to the biliary anastomotic site without the need for sutures or clips. The sheet naturally adhered by placing a few drops of saline on the mesh. After the ADSC sheet transplantation, the anastomotic site was kept stationary for 20 min to avoid dislocation of the transplanted sheet. One of the six pigs in the ADSC group received an autologous ADSC sheet labeled with PKH26GL to follow the presence of transplanted cells. The abdomen was closed layer-to-layer. Blood samples were obtained on the day of the laparotomy and on days 7 and 14 after the operation. The pigs were sacrificed on day 14 after collection of the anastomosed CBD. All the procedures were performed by one board-certified surgeon with more than 10 years of experience in hepatobiliary surgery.

2.7. Histopathological examination {#sec2.7}
----------------------------------

The isolated specimens were fixed in 4% paraformaldehyde and processed into paraffin-embedded sections. The site of anastomosis was easily detected by the suture thread. Bile duct specimens were prepared at three locations: the anastomotic site, the 2-mm oral side, and the 2-mm caudal side. The sections were stained with hematoxylin and eosin, and Masson\'s trichrome using conventional methods. The length and area of sections were calculated using NDP.view2 Viewing software U12388-01 (Hamamatsu Photonics, Shizuoka, Japan). The specimen with the PKH26-labeled ADSC sheet was sectioned and frozen immediately in liquid nitrogen. The frozen tissue was mounted using O.C.T. compound (Sakura Tissue-Tek, Tokyo, Japan). After cutting the tissue into 4-μm-thick sections and mounting on coverslips, the sections were examined under a fluorescence microscope.

2.8. Statistical analysis {#sec2.8}
-------------------------

IBM SPSS Statistics 21 (SPSS, Chicago, IL, USA) was used for statistical analysis. Numerical data are presented as the mean ± SD. The Mann--Whitney U-test was used for analysis. *P* \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Characterization of ADSCs {#sec3.1}
------------------------------

Harvested cells were a single cell population (\>95%). Flow cytometry analysis of ADSC primary cultures revealed that the cells were positive for MSC-specific markers (CD90 and CD44) and negative for hematopoietic markers (CD31 and CD45; [Fig. 1](#fig1){ref-type="fig"}).Fig. 1Flow cytometry analysis of ADSC primary cultures showing expression of MSC-specific markers (CD90 and CD44) and no expression of hematopoietic markers (CD31 and CD45).Fig. 1

3.2. Effect of the ADSC sheet on biliary anastomosis {#sec3.2}
----------------------------------------------------

The cultured ADSCs were harvested as cell sheets by reducing the temperature of the temperature-sensitive dishes ([Fig. 2](#fig2){ref-type="fig"}a). An ADSC sheet was transplanted on the biliary anastomotic site ([Fig. 2](#fig2){ref-type="fig"}b). Two weeks later, inspection of the abdominal cavity and collection of the anastomosed bile duct were performed. The adhesion around the liver hilum was more severe in the no-ADSC group, which required sharp dissection ([Fig. 2](#fig2){ref-type="fig"}c and d). Evaluating the adhesion severity using a previously published classification (grade 0: none, grade 1: film-like with no neovascularization, grade 2: moderately thick with partial neovascularization, grade 3: thick, solid adhesion with neovascularization) \[[@bib22]\], we noted grade 2 or higher in 17% (1/6) of the ADSC group and in 80% (4/5) of the no ADSC group, though the difference was not statistically significant (*P* = 0.07; [Fig. 2](#fig2){ref-type="fig"}e). There were no signs of bile leakage or intra-abdominal abscesses in all pigs. Dilatation of the distal bile duct due to severe anastomotic stricture was not clearly observed. Serum bilirubin, aspartate transaminase, alanine transaminase, alkaline phosphatase, and γ-glutamyl transpeptidase were measured before surgery and on postoperative days 7 and 14. Their levels were not significantly different throughout the experiment ([Fig. 3](#fig3){ref-type="fig"}). Thus, there were no signs of cholestasis.Fig. 2Preparation and transplantation of autologous ADSC sheets. ADSCs were harvested as cell sheets using temperature-responsive culture dishes (a). End-to-end biliary anastomosis was performed, and then an ADSC sheet was transplanted (the area indicated by a dotted line) (b). Two weeks after the surgery, severe adhesion around the liver hilum developed in the no-ADSC group, which required sharp dissection (arrowhead) (c). In contrast, adhesiolysis was not required in the ADSC group (d). Evaluating the severity of adhesion using a previously published classification (grade 0: none, grade 1: film-like with no neovascularization, grade 2: moderately thick with partial neovascularization, grade 3: thick, solid adhesion with neovascularization), we noted grade 2 or higher in 17% (1/6) of the ADSC group and in 80% (4/5) of the no-ADSC group, though the difference was not statistically significant (*P* = 0.07) (e).Fig. 2Fig. 3The levels of serum bilirubin, aspartate transaminase, alanine transaminase, alkaline phosphatase, and γ-glutamyltranspeptidase were not significantly different between the groups.Fig. 3

The macroscopic findings of the anastomotic site on postoperative day 14 are summarized in [Fig. 4](#fig4){ref-type="fig"}. In the collected specimens, the diameter of the bile duct increased after biliary anastomosis compared with the normal bile duct without any manipulation. The diameter in the no-ADSC group was significantly larger than that in the ADSC group (*P* = 0.02). Observation of the cross section of the anastomotic site revealed that although the luminal area was not different between the groups, the area of the bile duct wall was significantly larger in the no-ADSC group than in the normal bile duct (*P* = 0.04) and ADSC group (*P* = 0.02).Fig. 4Macroscopic findings of the anastomotic site on postoperative day 14. The diameter of the bile duct in the no-ADSC group was significantly larger than in the ADSC group (a). The cross-section of the luminal area was not different between the groups (b). The area of the bile duct wall was significantly larger in the no-ADSC group than in the normal bile duct and ADSC group (c).Fig. 4

3.3. Histological examination of the anastomotic site {#sec3.3}
-----------------------------------------------------

Anastomotic sites on postoperative day 14 were evaluated histologically. In the no-ADSC group, a large number of inflammatory cells were identified in the bile duct wall. Masson\'s trichrome staining showed that the bile duct wall was thickened by an increase in collagen fibers. In contrast, fewer inflammatory cells were observed in the ADSC group. Additionally, many small vessels were confirmed in the wall compared with the no-ADSC group ([Fig. 5](#fig5){ref-type="fig"}).Fig. 5Microscopy findings of the normal bile duct without manipulation, anastomotic site without an ADSC sheet on postoperative day 14, and anastomotic site with an ADSC sheet on postoperative day 14. H&E (a--c) and Masson\'s trichrome (d--f). A large number of inflammatory cells and increased collagen content were identified in the no-ADSC group (b, e). In contrast, fewer inflammatory cells and many small vessels were observed in the ADSC group (c, f).Fig. 5

3.4. Confirmation of transplanted ADSCs {#sec3.4}
---------------------------------------

To confirm the presence of the ADSC sheet after transplantation, one of the six pigs in the ADSC group received autologous ADSCs labeled with the fluorescent dye, PKH26GL ([Fig. 6](#fig6){ref-type="fig"}a). Biliary anastomosis and transplantation of the ADSC sheet were performed in the same manner as the other pigs. Fluorescence microscopy of frozen sections of a resected specimen revealed the presence of PKH26GL-positive ADSCs around the bile duct wall ([Fig. 6](#fig6){ref-type="fig"}b).Fig. 6To follow the presence of transplanted ADSCs, cells were labeled with PKH26GL (a). Fluorescence microscopy of frozen sections revealed the presence of PKH26GL-positive ADSCs around the bile duct wall on postoperative day 7 (arrow) (b).Fig. 6

4. Discussion {#sec4}
=============

The present study showed that ADSCs reduced the hypertrophic change in the bile duct wall at the anastomotic site. The transplanted ADSC sheet remained on the anastomotic site without signs of intra-abdominal abscesses.

The ADSCs in the present study were characterized by flow cytometry. Harvested cells from adipose tissue expressed CD90 and CD44, which are MSC-specific surface markers. In contrast, these cells did not express CD31 and CD45, which are hematopoietic markers. Additionally, differentiation into adipogenic and osteogenic lineages was confirmed in a previous study that used the same protocol as we did \[[@bib11]\]. These results indicate that the ADSCs used in our study possessed MSC-like properties.

Laursen et al. have previously observed healing of anastomoses of the extrahepatic bile duct in a pig model. They reported that the collagen content in the anastomotic site increased postoperatively from day 0--1, reached steady state by day 3, increased gradually until day 6, and then remained stable until day 14 \[[@bib23]\]. According to these findings, we set the postoperative following period to 14 days in the present study. Histological examination of biliary anastomosis in the no-ADSC group revealed an increase in inflammatory cells and a thickened bile duct wall by an increase in collagen fibers. In contrast, these findings were not observed in the ADSC group. These results indicate that the hypertrophic changes in the bile duct wall were suppressed by the introduction of ADSCs into the anastomotic site. Hypertrophic changes in the bile duct wall are frequently caused by inflammation such as cholangitis, minor bile leakage, or stent placement in routine clinical practice. Because the ADSC sheet is fragile and thin, a prevention effect on minor biliary leakage was not expected in the present study, hence the alleviation of the hypertrophic change in the bile duct wall was likely due to other mechanisms. Moreover, the anti-inflammatory effect and immunomodulatory capacity possessed by ADSCs have been reported previously \[[@bib14],[@bib15]\]. Another important mechanism is the secretion of trophic factors such as hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF). Nie et al. have reported that the angiogenic effect of these factors accelerated wound healing \[[@bib13]\]. In fact, many small vessels were confirmed in the bile duct wall of the ADSC group. These newly formed vessels may have affected the difference in healing between the ADSC and no-ADSC groups in the present study. Additionally, an antifibrogenic effect of HGF has been reported in various organs. Suga et al. have revealed that ADSCs promoted secretion of HGF by fibroblast growth factor (FGF)-2 stimulation \[[@bib24]\]. They also found an increase in fibrogenesis by suppression of HGF through inhibition of FGF-2 signaling. These results suggest that HGF secreted by ADSCs also had a role in the antifibrogenic effect in our pig biliary anastomotic model. On the whole, an anti-inflammatory effect and immunomodulatory capacity, an angiogenic effect, and an antifibrogenic effect by secretion of trophic factors were considered to be among the reasons for the alleviation of the hypertrophic change in the ADSC group.

Interestingly, adhesion around the hepatoduodenal ligament during the second laparotomy was mild in the ADSC group. We propose two possible mechanisms that would explain the reduced adhesion around the liver hilum in the ADSC group: (1) inflammation around the damaged and anastomosed bile duct was reduced by ADSCs as we already described, and (2) the ADSC sheet acted as a physical barrier on the damaged bile duct and suppressed adhesion. A similar mechanism using a sodium hyaluronate-based bioresorbable membrane has been reported \[[@bib25]\] and already adopted in a clinical setting.

To the best of our knowledge, this is the first study to show the effect of ADSCs on healing of biliary anastomosis. Although there were advantages in our study, such as an autologous cell source, large animal experiment, and secured biliary anastomosis without surgical complications, there were also several limitations. First, our animal model was the duct-to-duct biliary reconstruction model and not the biliary stricture model. This was because BAS did not occur during the follow-up period of 14 days. Long-term follow-up may be required to evaluate the occurrence of BAS. Thus, the efficacy of ADSCs in preventing anastomotic strictures still remains unclear. In a future study, we plan to investigate the long-term effect of ADSC sheets beyond 14 days after surgery. Second, further studies are needed to establish the required number of ADSCs to constantly improve the hypertrophic change at the biliary anastomotic site.

In conclusion, we showed that autologous ADSC transplantation reduced the hypertrophic change at the biliary anastomotic site, and that cell sheet technology is a reasonable approach for administering ADSCs to a biliary anastomotic site. Further studies are necessary to reveal the molecular mechanisms involved.
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